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Marine ecosystems are complex socio-ecological systems where sustainable solutions can be best 
gained by satisfying both conservation and socioeconomic demands. Concretely, the Mediterranean Sea is 
facing a huge demand of resources and marine activities while hosting abundant and unique biodiversity. It 
is considered an important elasmobranch hotspot where seventy-two elasmobranch species are present in the 
basin. Despite the recognised importance of elasmobranchs as umbrella species, to date only a small number 
of marine protected areas have been designated towards their protection. The paucity of spatially-explicit 
abundance data on elasmobranchs often precludes the designation of these areas to protect these marine 
predators. Here, we aimed to identify marine areas to protect elasmobranch species by means of a systematic 
spatial planning approach. We first estimated the spatial distribution of five elasmobranch species (three 
sharks and two rays) in the western Mediterranean Sea and then applied Marxan decision support tools to 
find priority marine conservation areas. We found that the five elasmobranchs are distributed in coastal and 
slope areas of the southern waters of the study area while in the northern region they are abundant in the 
continental slope and towards offshore waters. Conservation priority areas were identified in the southern 
part of the western Mediterranean. Adding more complex cost layers and zoning to the analysis did not alter 
conservation priority areas, confirming such areas are highly consistent and highly important for 
elasmobranch protection. The marine conservation priority areas identified here can contribute to designate a 
proactive area-based protection strategy towards elasmobranch conservation, related species and the habitats 




Several human activities, such as fishing, industrial activity, energy production between others, take 
place in natural environments worldwide with significant deleterious effects on ecosystems, including 
marine ecosystems (Halpern et al., 2015; Venter et al., 2016). Such effects in the oceans are expected to 
expand into deeper and more distant marine areas as “blue growth” strategies are promoted (Katsanevakis et 
al., 2017). Threats imposed by humans are ubiquitous and are causing important changes in marine 
biodiversity and ecosystems functioning (Halpern et al., 2015; Jackson et al., 2001). Exploitation, pollution, 
eutrophication and habitat loss are among the most impacting for the survival and conservation of marine 
species (Halpern et al., 2015). Additionally, other growing impacts such as climate change or the 
introduction of alien species are of concern (Kelleher, 1999; Korpinen and Andersen, 2016; Pomeroy et al., 
2005).   
Policymakers face increasing pressure to design and apply effective and robust regulations to preserve 
marine biodiversity. One common approach is the implementation of Marine Protected Areas (MPAs) - 
spatially designed and managed to protect marine ecosystems, habitats and species (Agardy, 1997). Site-
based approaches, such as MPAs, can enhance biodiversity conservation if they are designed with a science-
based approach, accounting for areas of high abundance of species of conservation concern or focal 
biodiversity targets as well as the distribution of their main threats (Davidson and Dulvy, 2017) and with an 
effective enforcement regime (Horta e Costa et al., 2016).  
Predators and other marine megafauna have been proposed as useful organisms to define and identify 
MPAs because their spatial distribution and population parameters integrate seasonal spatial and abundance 
variation of lower trophic levels and on broad areas (Hooker and Gerber, 2004; Ronconi et al., 2012, but see 
Sergio et al. 2008). They can act as a biodiversity surrogates when other biodiversity data is not available. In 
some cases, imperilled species lack spatial-explicit abundance data because they are rare and thus difficult to 
track and, so relying in species that are more abundant but with similar ecological requirement may serve as 
a good surrogate to use in marine spatial planning. Marine predators have been, in turn, strongly impacted 
by human activities, and several species and taxa are currently considered of immediate conservation 
concern (Hooker et al., 2011; Daly et al., 2018). Top consumers such as some marine mammals and seabirds 
are commonly used as focal species to designate MPAs (e.g., Afán et al., 2018; Arcos et al., 2012; Evans, 
2018; Gormley et al., 2012). In comparison, sharks and rays have been overlooked (Davidson and Dulvy, 
2017; MPAtlas, 2016) but they also need spatial-explicit protection. Their life-history characteristics such as 
low fecundity, slow growth and late reproductive maturity make them highly vulnerable to human activities 
(Coelho and Erzini, 2008; Frisk et al., 2005; García et al., 2008; Rigby and Simpfendorfer, 2015). As well as 
the fact that they are targeted for food and medicinal use (unlike seabirds and marine mammals), and suffer 
high mortality due to fishery by-catch (Clarke et al., 2006). The depletion of the populations of sharks and 
rays can lead, in turn, to important cascading effects on lower trophic levels (Ferretti et al., 2010; Myers et 
al., 2007) so their protection can serve as a proactive strategy (i.e. before the species or habitats become 
threatened) to conserve the whole marine food web.   
Awareness of the vulnerability and ecological role of elasmobranchs is leading to increased 
conservation attention (Barría et al., 2015; Davidson and Dulvy, 2017; Gallagher et al., 2012). The European 
Commission, in particular, adopted in 2009 the first Action Plan for the conservation and management of 
elasmobranchs to reverse the impacts of shark depletions and rebuild stocks under threat (EU, 2009). This 
plan considers the implementation of management actions to protect priority elasmobranch habitats, the 
reduction of fisheries by-catch, and the study of current and expected impacts to design efficient strategies 
for the preservation of elasmobranch biodiversity (Katsanevakis et al., 2009). Even so, in some geographic 
areas such as the Mediterranean Sea, which is considered an important elasmobranch hotspot of extinction 
risk at global scale (Dulvy et al., 2014), existing marine protected areas do not guarantee current European 
species targets (Micheli et al., 2013; Coll et al., 2015). Declines of both medium- and large-size 
elasmobranchs have been observed in the last decades (Ferretti et al., 2008; IUCN, 2019) and only few 
species still remain in highly impacted sites (Aldebert, 1997; Coll et al., 2013; Ferretti et al., 2008; Malak et 
al., 2011). These negative trends could reflect a lack of representation of elasmobranchs species in existing 
marine protected areas, as they were not explicitly accounted for in current MPA design (MPAtlas, 2016). 
In this study, we aimed for first time to identify priority areas for protecting the demersal 
elasmobranch community in the western Mediterranean Sea. We applied a systematic conservation planning 
approach comparing identifyed priorities with the current MPA network to evaluate its usefulness in relation 
to the management of demersal elasmobranchs. Due to the scarce information regarding the spatial 
distribution of demersal sharks and rays, here we focused on five species of elasmobranch (three sharks and 
two rays), for which accurate abundance and distribution data is available from a long-term systematic 
survey conducted in the Mediterranean Sea (Bertrand et al., 2000). These species encompass a wide range of 
ecological requirements and their well-documented distribution can be informative of ecologically relevant 
areas for the wider demersal elasmobranch community, formerly more diverse and nowadays much 
degraded (Aldebert, 1997; García et al., 2008; Rigby and Simpfendorfer, 2015; Simpfendorfer and Kyne, 
2009).  
As a first step, we identified areas of high ecological value by analysing the spatial distribution of 
abundances of the five selected species and their relationships with main environmental variables. We then 
explored different conservation planning alternatives by considering both the distribution and their main 
threat (i.e. fishing activity) and also including other potential threats (surface temperature anomalies, 
concentration of pesticides and fertilizers, ocean pollution, and inorganic pollution) in a cost-effectiveness 
framework (Watts et al., 2017). Increased levels of complexity were considered in the analyses by 
accounting separately for single or multiple threats combinations as well as by considering different 
zonation plans limiting local human use (fisheries) at different levels in different parts of the protected areas.   
 
MATERIAL AND METHODS 
 
Study area  
The study area included the Spanish continental shelf and upper slope (up to 800 m depth) of the 
western Mediterranean Sea, from the “Cap de Creus” in the north to the “Cabo de Palos” in the south (Fig. 
1). This area has been identified as a highly impacted marine area within the Mediterranean Sea, where 
multiple threats operate simultaneously (Coll et al., 2012; Micheli et al., 2013a; Ramírez et al., 2018). 
Despite these impacts, the area still hosts relative high levels of marine diversity and endemicity (Coll et al., 
2015, 2012, 2010), including elasmobranchs (Barría et al., 2015; Coll-Calvo et al., 2020; Coll et al., 2013; 
Navarro et al., 2016, 2015). Topographic and hydrographic features present a latitudinal gradient in the area 
(Estrada, 1996). The continental shelf broadens in the south, and it is widest around the Ebro Delta (Fig. 1). 
This area is highly productive due to the run-off from the Ebro River and the Liguro-Provençal-Catalan 
current (Estrada, 1996). In the northern area, the continental shelf is narrower and the Liguro-Provençal-
Catalan current flows south-westwards along the continental slope. These oceanographic features make the 
area an important fishing grounds in the Mediterranean Sea, with a large fishing fleet operating in the region 
(FAO, 2018; Papaconstantinou and Farrugio, 2000). 
 
Study species  
We focussed on three sharks, the small-spotted catshark Scyliorhinus canicula, the blackmouth 
catshark Galeus melastomus and the velvet belly lanternshark Etmopterus spinax, and two rays, the 
Mediterranean starry ray Raja asterias, and the marbled electric ray Torpedo marmorata. Although only the 
Mediterranean starry ray R. has considered as Near Threatened (Serena et al., 2015) and the other species are 
of least concern by the International Union for Conservation of Nature (IUCN), they are the most abundant 
elasmobranch species in the highly exploited Mediterranean marine ecosystems, where other Gulf of Lions or 
the Balearic Sea during the last decades such, for example, angelsharks (Squatina spp.), nursehood shark 
(Scyliorhinus stellaris) or guitarfish (Rhinobatos spp.) (Coll et al., 2014). Moreover, as it occurs with other 
abundant elasmobranch species worldwide (Worm et al. 2013, Dulvy et al 2014), it has been documented a 
decrease in the conservation status of these relative common species in different areas of the Mediterranean 
Sea such as the Gulf of Lions or the Balearic Sea(Aldebert, 1997; Coll et al., 2010; García et al., 2008; 
Mendoza et al., 2014; Pennino et al., 2013; Rigby and Simpfendorfer, 2015; Simpfendorfer and Kyne, 
2009). Also, elasmobranch species are per se an important marine group to focus on because of a range of 
reasons, including their potential to serve as umbrella species, flagship, or indicator species (Ferretti et al., 
2008; Myers et al., 2007; Stevens, 2000). Moreover, since these five elasmobranchs encompass a wide range 
of ecological requirements (i.e. different depth ranges, trophic preferences and behavioral patterns), we 
expect that the results are representative of the wider demersal elasmobranch community in the western 
Mediterranean Sea.  
S. canicula  is distributed from 100 to 1500 depth (Gouraguine et al., 2011; Navarro et al., 2016) and 
preys mainly on crustaceans (Valls et al., 2011; Barría, Navarro, & Coll, 2018). G. melastomus and E. 
spinax are distributed from 200 to 1400 m (Gouraguine et al., 2011), consuming diverse prey such 
crustaceans, cephalopods and fish (Valls et al., 2011; Barría, Navarro, & Coll, 2018). R. asterias is a 
medium-size Mediterranean endemic skate (Hureau et al., 1984) inhabiting shallow demersal waters (mostly 
found to a depth of 100-200 m; Navarro et al. 2016) and has shown declines with time associated to benthic 
fishing trawling (Coll et al., 2013). It is considered a crustacean-specialist, mainly preying on benthic crabs 
(Navarro et al., 2013; Barría, Coll, & Navarro, 2015). T. marmorata  is distributed between 20-400 m depth 
(Capapé and Desoutter, 1990) and preys upon fish and cephalopods, although small proportions of 
crustaceans were also found as part of its diet (Capapé et al., 2007; Barría, Coll, & Navarro, 2015). Based on 
the very few information published about their spatial movements, we could consider that they are resident 
and present in the same area during all year (Sims et al 2001). 
 
Elasmobranch distributions  
 
i) Survey design and data  
The spatial data used in the present study were obtained from the European Union Mediterranean 
Trawl Survey Program (MEDITS) developed between the years 2002–2012 in the western Mediterranean 
Sea (Fig. 1). MEDITS surveys were carried out during the early summer period (May–July) and included 
standardized sampling with a bottom-trawl (60 minutes of duration) at predefined stations over the coastal 
and continental shelf areas and the upper slopes from 10 to 800 m depth (MEDITS protocol; Bertrand et al. 
(2008)). Sampling stations were placed randomly through the study area and sampling was performed in 
similar locations during all years. The MEDITS protocol uses a codent mesh size of 10 mm (stretched 
mesh), and the minimum size of individuals captured measured 2.5 cm. The location of each sampling 
station was incorporated into a Geographic Information System using the world projection WGS European 
1984 in a grid of 0.1º resolution covering the whole study area. A total of 169 cells of this grid were 
surveyed (average of 70 ± 8 cells sampled each year; see Fig. 1). For each cell we calculated the abundance 
of each species (average of the number of individuals per km
2
 across all sampling years). Normality and 
heteroscedasticity of the abundance values was tested by using Shapiro-Wilk tests with the R software 
package MVN (Korkmaz et al., 2014). Based on these tests, abundance values were log-transformed before 
applying ANOVA tests. Then, we considered the average abundance across all sampling years in each cell 
for subsequent analyses because species abundances did not differ between years when using two-way 
ANOVA tests considering the factors year, cell and the interaction between both factors (P ranged 0.45–0.91 
for years; and for the interaction year × cell P ranged 0.06–0.90). We considered abundances = 0 in the cells 
where a particular species never was recorded during the sampling years.  
 
ii) Environmental and spatial variables 
The environmental variables included were: a) chlorophyll-a concentration (CHL, mg C m-3); b) sea 
surface temperature (SST, ºC); c) depth (DEPTH, m); 4) dissolved-oxygen (DO, ml l-1), and d) sea surface 
salinity (SSS). SST and CHL were obtained from the Aqua MODIS sensor and were extracted from the 
seasonal average estimates corresponding to the MEDITS survey period (May-July) for 2002–2012. The 
spatial resolution of environmental data was 0.0467° (approx. 4 × 4 km). Average values were calculated for 
the analysis since SST and CHL were highly correlated among years (Navarro et al. 2016). DO and SSS 
were compiled from the Bio-Oracle Project (Tyberghein et al., 2012). The depth variable (DEPTH) was 
obtained from the ETOPO website (see Table S5). Environmental data was transformed to the same 
resolution as census data using the bilinear resampling technique in ArcMap 10.5. 
As species abundance may be similar in neighbouring grid cells due to spatial autocorrelation, we 
added a spatial predictor set (Legendre and Legendre, 2012) to account for the effect of subjacent spatial 
structures that were not captured by the environmental factors considered (Navarro et al. 2015). This spatial 
predictor set was composed of the longitude and latitude of the central point of each grid cell and their 
interaction terms up to the third order (i.e., x + y + x2 + xy + y2 + x3 + x2- y + xy2 + y3, Legendre and 
Legendre, (2012)).  
 
iii) Modeling procedure 
Following Navarro et al. (2015) and (2016), we built spatial distribution models to estimate the 
average abundance of considered species across the study area using generalized linear models (GLM) based 
on environmental and spatial variables (see above). Both the linear and quadratic forms of environmental 
variables were included in the models to account for potential parabolic trends (i.e. higher and lower values 
of a variable imply an increase/decrease in abundance compared with intermediate values). Note that testing 
the quadratic form of these variables implies the inclusion of both the variable and its squared term in a 
model.  
Since we were interested in spatial patterns of abundance and because temporal variation across years 
was low, we used average values of abundance across the ten sampling years as the response variable 
(Navarro et al., 2016). We fitted a normal error distribution and identity-link functions for this variable 
(abundance per surveyed area after log-transformation, i.e., number of individuals·km
-2
). We used a multi-
model inference approach for model selection. Multi-model inference implies the calculation of the set of 
models containing all possible combinations of the considered variables (also its linear and quadratic forms). 
For each model, a probability of being the best model according to Bayesian Information Criteria (BIC) was 
computed, which strongly penalizes for the number of parameters in models (Burnham and Anderson, 
2004). Final models were then calculated as averaged values of models receiving higher support (i.e., those 
with the 95% cumulative probability of including the best model) (Burnham and Anderson, 2004). Model-
averaged parameter estimates and their standard errors were calculated, along with variable weights, which 
indicate the relative importance of each variable in the average model. Final model fit was based on r 
squared values. The multimodel inference was implemented in R software by the function „dredge‟ and 
„model.avg‟ from the „MuMIm‟ library. 
 
Systematic prioritization: Marxan approach  
Marxan and Marxan with Zones were used as systematic prioritization softwares (Ball and 
Possingham, 2000; Watts et al., 2009). Marxan uses simulating annealing as an optimization method to find 
a cost-efficient reserve network that satisfies a specific conservation target (i.e. minimum set problem). 
Marxan with Zones is an extension of the traditional Marxan where users can minimize multiple cost layers 
and can develop more complex planning. Different zones with varying degrees of protection can be designed 
with specific objectives and restrictions (Watts et al., 2009).  
Here, we used the modeled abundance of the five considered species (Fig. 2) as well as the spatial 
distribution of their potential main threats (Fig. S1) as input data for such analyses. First, since overfishing is 
considered an important threat to marine biodiversity (McClenachan et al., 2012) and specially for 
elasmobranchs (Graham et al., 2001; Stein et al., 2018) we considered fishing effort as the main threat 
towards elamosbranch conservation. The Global Fishing Watch database was used to extract fishing activity 
of trawlers, purse seiners, fixed gear (i.e., pots and traps, set gillnets, and set longlines), and drifting 
longlines (Kroodsma et al., 2018). Global Fishing Watch is a global online dataset of fishing activity using 
Automatic Identification System (AIS) data to discern fishing activities from transiting. AIS data is 
considered a good proxy to track fishing activities in space and time, locally and globally (Kroodsma et al., 
2018; Natale et al., 2015; Vespe et al., 2016). Additionaly, other potential threats (SST anomalies, 
pesticides, fertilizers, ocean pollution, and inorganic pollution, Fig. S1) were obtained from the most recent 
global threat analysis (Halpern et al., 2015). All threat data was summarized for each planning unit (Fig. S1). 
The planning unit resolution was designed to have the same resolution as elasmobranch abundance data as 
recommended by Hermoso and  Kennard (2012), obtaining a total of 341 squared grid cells of 0.1º 
resolution (95 ± 1.63 km
2
). 
To assess how accounting for different threats and fishing activity can modify prioritzed areas, we 
used a hierarchical approach and built different scenarios with increasing level of complexity. First, in 
Scenario 0 we considered the overlap of core elasmobranch abundance areas; No additional spatial 
restriction was included in this protected area design strategy. In Scenario 1, area (km
2
) was added as a 
proxy of the cost to conserve a specific area. In Scenario 2, trawling activity was considered the main threat 
to the studied elasmobranchs species and consequently used as the cost of protection (Fig. 3, Table 1a). In 
Scenario 3, all fishing fleets were considered as costs for protection as well as other environmental and 
anthropogenic potential threats (i.e., SST anomalies, pesticides, fertilizers, ocean pollution, and inorganic 
pollution; Fig. 3, Table 1a). Finally, Scenario 4, the most complex, was built using Marxan with Zones. It 
considered three different zones including: no-take zone where all threats were considered as costs; benthic 
protection zone, where purse seiners, long-liners, and fixed gears were allowed to continue their activities 
but not bottom trawlers; and available zone where all activities were permitted (Fig. 3, Table 1a). As there is 
no agreement on the definite percentage of the total abundance of a particular species that should be 
protected to achieve its persistance, each scenario was run with three different targets.  
For the least concern species 30% (subscenarios a), 40% (subscenarios b) and 50% targets 
(subscenarios c) were considered, while for near threatened species an extra 10% target was added (Table 
1b, Table S1). Since results based on different targets were largely consistent, we only provide those 
referring to the intermediate target (subscenarios b) in subsequent sections (see supplentary material, for 
additional results). In Marxan with Zones, a 50% Zone effectiveness for the Benthic protection zone was 
considered. Half of the global target was placed in the No-take zone and one quarter in the Benthic 
protection zone. The remaining quarter was not fixed and could be met in each of the zones. To understand 
the behavior of Zone effectiveness and Zone Target allocation, a sensitivity analysis was carried out (Table 
S2). Cost-effectiveness  (Eq. 1) was calculated for each scenario for the best solution as: 
                                 ( 
                          
          
 )                                  Eq. 1 
In all scenarios, species penalty factor (SPF) was calibrated with the free software Zonae Cogito (Segan et 
al., 2011). Calibration was considered a trade-off between SPF and missing values, a common approach to 
MARXAN problems (Ardron et al., 2010; Segan et al., 2011). The objective of this calibration consists in 
obtaining solutions where all targets are met (Ardron et al., 2010). We performed 100 runs with 10
7
 
iterations for each scenario considered. Finally, in order to enable comparison between our different types of 
cost, we did not preferentially cluster our planning units (Mazor et al. 2014).  
 
i) Overlap with the existing MPA network 
Marxan results were overlapped with the existing MPA network of the western Mediterranean Sea 
(Fig. 1) to evaluate if the actual MPA network encompasses critical areas for elasmobranch species in the 
region. We considered MPAs as all spatially designated areas that are declared as protected, including 
Nationally designated protected areas for the conservation on marine biodiversity (Marine Reserves), Sites 
of Community Importance (Habitat Directive), and Special Protection Areas for seabirds (Bird Directive). 
The present network was built with a non-systematic approach, although it was based on scientific evidence 
of habitat and species importance (MPAtlas, 2016) and includes different levels of protection, from fully 
protected areas to poorly protected areas  Demersal protection is not fully granted in the actual network 
(Horta e Costa et al., 2016), as information about the presence and abundance of elasmobranch species was 
not accounted in the current MPAs design. 
 We calculated the area and the percentage of the proposed conservation sites that are already inside 
the actual MPA network. MPA polygons were extracted from the World Database on Protected Areas 
(WDPA; https://www.protectedplanet.net/marine). This is the most up to date, public, and complete source 
of protected areas information worldwide. The database is updated with submission from non-government 
organizations, national and regional governments, among others, and it is managed by the United Nations 
Environment World Conservation Monitoring Centre (UNEP-WCMC) with support from the International 




Elasmobranch distributions  
In total, 143 of 169 sampled 0.1°grid cells were occupied at least once during the study period by one 
of the study species, 83 by two, 32 by three, 7 by four and none by all of them. S. canicula showed the 
highest abundance values (mean ± SD: 364 ± 954 ind·km
-2
), followed by G. melastomus (81 ± 217 ind·km
-
2
), R. asterias (4 ± 12 ind·km
-2
), T. Mazor (4 ± 12 ind·km
-2
) and E. spinax (3 ± 12 ind·km
-2
). The spatial 
distribution of the five species also differed between them. S. canicula was widely distributed, being 
detected at least once in 64% of the study area. In contrast, T. marmorata was detected at least once in 29%, 
R. asterias and the G. melastomus in 24% and E. spinax in 12%. 
Among environmental variables, the effect of depth on abundance was strong for all species according to 
their weights in the average model (Fig. S2). The abundance of S. canicula, R. asterias and T. marmorata 
increased in shallow waters. The abundance of G. melastomus and E. spinax increased with deeper waters. 
An important positive effect of dissolved oxygen concentrations on abundance of these two last species was 
also detected. In contrast, the strongest effects of salinity were observed for S. canicula and R. asterias. The 
effect of Chl-a and SST was in general low for all species. 
 
Spatial prioritization 
Priority areas for elasmobranch conservation in the western Mediterranean Sea were encountered in 
the southern area and in the shelf break of the northern part (Fig. 4-5, Fig. S3-S5). These areas are consistent 
regardless of the approach/cost used. Increasing the complexity of the spatial planning scenarios by adding 
threats (Area (Scenario 1) > Trawling (Scenario 2) > All threats (Scenario 3)) did not affect the spatial 
prioritization of proposed areas (Fig. 4, Fig. S3-S4). In Scenario 4 (Fig. 5, Fig. S5), where zoning is applied 
for spatial prioritization, important areas are also placed in the southern study area and the shelf break in the 
northern part. This strategy, i.e., including no-take zones and benthic protection zones (partial protection 
zones) increase cost-efficiency of simpler strategies with only one zone delimited (Table 2 and S3). In all 
scenarios certain flexibility in planning unit selection is found, nevertheless some areas are highly selected 
over most of the runs (Figure 4-5) conferring confidence when identifying these sites as important areas for 
elasmobranch protection. 
The area percentage of proposed conservation zones within the present MPA network was on average 




In this study we applied for the first time, a systematic spatial planning approach focused on 
elasmobranch species in the western and, in general, in the Spanish Mediterranean Sea. Our results can be 
used to inform proactive area-based protection for the demersal elasmobranch community inhabiting the 
Mediterranean waters under Spanish jurisdiction, to avoid a further decrease in their conservation status as it 
has been already documented in several areas of the basin (Aldebert, 1997; Ferretti et al., 2008; Coll, 
Navarro, & Palomera, 2013; Pennino et al., 2013; Mendoza, Garrido, & Bellido, 2014; Dulvy et al., 2016). 
Indeed, our results highlight that current MPAs included only a small part of ecological relevant areas for 
the demersal elasmobranch community, probably hampering their potential conservation. In addition, its 
protection is not granted inside this areas as demersal protection is not always assured (Horta e Costa et al., 
2016).  
Species investigated here represent the most resilient elasmobranch species of the demersal 
community on the Mediterranean Sea, probably because their life-history traits (skewed towards the lower 
values of the fast-slow continuum in elasmobrachs (Quetglas et al., 2016)) made them less vulnerable to 
human activities than other species with similar habitat and trophic requirements. This make data on these 
species extremely valuable to set initial conservation priorities for the recovery of the wider demersal 
elasmobranch community of the western Mediterranean Sea, which has been seriously eroded due to high 
fishing impact in historic and recent times (Aldebert, 1997; Coll et al., 2010; García et al., 2008; Mendoza et 
al., 2014; Pennino et al., 2013; Rigby and Simpfendorfer, 2015; Simpfendorfer and Kyne, 2009). 
Nevertheless, it is important to remark that further investigations will be needed for other species, 
particularly migratory or pelagic sharks and rays, whose ecological requirements might be beyond those 
encompassed by study species.  
Elasmobranch abundance data was found to be more influential in our spatial prioritisation analysis 
than the cost or approach used. Several studies have highlighted that cost is one of the most influential 
inputs in systematic conservation planning (Bode et al., 2008; Mazor et al., 2014a). Nevertheless, in the 
present study, the spatial distribution of different cost layers had no substantial effect on the identified 
conservation areas, likely due to the high clumping of the studied species in our area. This may explain why 
even connectivity could be no set as a priority in models developed, although its importance (Beger et al., 
2010; Daigle et al., 2020); selected areas were in general highly continuous in space. According to our 
results, species were mainly concentrated in highly defined marine hotspots within the western 
Mediterranean Sea, thus to achieve conservation targets we must conserve these areas although some are 
costly.  
We have obtained high irreplaceable sites for conservation although some flexibility is present to 
accommodate the needs of the different stakeholders. The zoning strategy was the most cost-effective for 
addressing multiple threats and marine uses in our case study. This means that moving from a single 
objective approach towards a zoning strategy can enhance the protection of marine biodiversity, while 
ensuring stakeholders compliance, as the socioeconomic context of multiple maritime activities can be 
considered (Grantham et al., 2013; Klein et al., 2010; Mazor et al., 2014b). Marine ecosystems are complex 
socio-ecological systems where durable solutions can be best gained by satisfying both conservation and 
socioeconomic demands, in this case fisheries. Both factors in potential solutions are considered relevant 
(Ban et al., 2011; Mazor et al., 2014b; Naidoo et al., 2006), however most research has only focused on the 
ecological part (e.g., Davidson and Dulvy 2017, Williams et al., 2014). Cost selection in marine spatial 
planning has important consequences in the selection of protected sites (Mazor et al., 2014a), since 
considering different costs (e.g. opportunity costs) in different areas may enhance the acceptance of the 
proposed sites by different stakeholders (Watts et al., 2009) and increase the cost-effectiveness as shown in 
this case study. Our results can contribute towards a more systematic conservation planning when defining 
marine protected areas in the Mediterranean Sea. 
With this study, we contribute to the knowledge on elasmobranch spatial conservation and 
management planning in the Mediterranean Sea and the ongoing elasmobranch MPA delimitation (Davidson 
and Dulvy, 2017; Mendoza et al., 2014). According to our results, marine protected sites in our study region 
could be extended to increase the percentage of Mediterranean waters protected to achieve Aichi 11 target 
(10% of the sea protected by 2020) (Amengual and Alvarez-Berastegui, 2018). Here, we have used high-
quality spatial abundance and threat data, although available data presented some limitations. Future studies 
should incorporate temporal information on seasonal spatial distribution of these and other elasmobranch 
species as well as the threats component. Furthermore, elasmobranch movement data (e.g. telemetry studies) 
or their life stages distributions would be especially informative when creating protected areas for these 
species (Beger et al., 2010; Daigle et al., 2020) as corridors may need certain protection to maintain the 
viability of certain species and may show seasonal distributions as observed in other demersal species in the 
study area (Vilas et al., 2020). Regarding cost data, complementary studies would benefit from adding 
information about real economic cost value (i.e. Euros) at a finer scale resolution (e.g. Mazor et al., 2014b) 
instead of using surrogates as in the present study.  
According to our results, the actual mosaic of current marine protected measures in our study region of 
the western Mediterranean Sea does not seem large enough to encompass a sufficient surface of priority 
areas for demersal elasmobranch conservation. Nevertheless, actual efforts can be enlarged in the northern 
(i.e. ESZZ16001 - Sistema de cañones submarinos occidentales del Golfo de León), and southern areas (i.e. 
Espacio Marino de Tabarca-Cabo Palos [ES0000508]) toward off-shore areas to achieve elasmobranch 
conservation targets and enhancing the marine protection network. It is also important to mention that the 
current marine protected efforts do not necessarily protect demersal marine communities and as such the 
current real protection may be much lower (Costa et al., 2016). 
Our study illustrates that a pan-Mediterranean analysis using a systematic spatial planning approach of 
elasmobranch is feasible as this data is obtained through the EU-funded Mediterranean Trawl Survey 
(MEDITS; Follesa et al. (2019)). Our effort could also be extended to other marine biodiversity components 
such as finfish, crustaceans and other marine organism to expand the identification of priority areas for 
protection to other compartments of the marine food web. Results from such efforts could be used to 
complement previous efforts to identify Priority Areas for Conservation of Species at Risk (PACS) in the 
Mediterranean Sea according to Coll et al. (2015). In this previous study, continental slopes of the northern 
study areas and the southern part were also identified as important areas for species at risk. Our results can 
also inform ecosystem models, such as Ecopath with Ecosim, to assess the ecological impact of protecting 
alternative priority areas of biodiversity concern following established links between systematic planning 
and ecological modelling tools (Ecospace) (Christensen et al., 2009; Metcalfe et al., 2015).  
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Table 1: Scenario (a) and subscenarios (b) summary. *All threats: Trawling, purse seine, difting long-lines, and fixed 
gear fishing activity, SST anomalies, pesticides, fertilizers, ocean pollution, and inorganic pollution. 
a) Scenario Analysis   Cost used 
 0 Spatial overlap   No cost 
 1 Marxan   Area 
 2 Marxan   Trawling activity  
 3 Marxan   All threats* 
 4 Marxan with Zones 
 
 > No-take Zone: All threats 
 
 
> Benthic Protection Zone: All threats except 
   purse seiners, long liners, and fixed gears 





Protection near  
threatened species 
 a 30 % protection  40 % protection 
 b 40 % protection  50 % protection 





Figure 1: Distribution of the sampled fishing grids in the Western Mediterranean Sea and MPAs of the research area. 
ESZZ16001: “Sistema de cañones submarinos occidentales del Golfo de León”, ES0000514: “Espacio marino de 
l'Empordà”, ES0000513: “Espacio marino del Baix Llobregat-Garraf”, ES0000512: “Espacio marino del Delta de l'Ebre 
- Illes Columbretes”, ES0000510: “Plataforma-talud marinos del Cabo de la Nao”, ES0000508: “Espacio marino de 
Tabarca-Cabo de Palos”. 
 




Figure 3: Cost layers used in the Marxan analyses. GFW: Global Fishing Watch, PS: Purse seiners, LL: Long-liners, and 
FG: Fixed gears.  
 
Figure 4: Overlap of core areas for each species depicting high abundance areas (Scenario 0) and solution 
frequencies of Marxan analyses (Scenario 1-3). Scenario 1: Area as cost; Scenario 2: Trawling activity as cost; Scenario 
3: All costs. MPAs are overlay with a dotted line. 
 
 
Figure 5: Best solution and solution frequencies of Marxan with zones (Scenario 4) for the no-take and benthic 
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Figure S1: Main threats for elasmobranch species in the Western Mediterranean Sea based on Halpern et al. (2015) 
and Global Fishing Watch.  
 
 
Figure S2: Partial response curves showing the relationships between species abundance and environmental 
variables. Note that abundance values represent abundance per surveyed area after log-transformation, i.e., number 
of individuals/km2. Weights for the linear and squared forms of each variable, which indicate the relative importance 





Figure S3: Best solutions of Marxan analyses for each scenario (1-3) and each target (a-c)  
 
Figure S4: Solution frequencies of Marxan analyses for each scenario (1-3) and each target (a-c). 
 
 
Figure S5: Best solution and solution frequencies of Marxan with zones for the no-take and benthic protection zone. 
Table S1: IUCN category, Fish Base vulnerability index and Zone effectiveness (100 – Fish Base vulnerability Index) for each studied species. 
Scientific name Common name IUCN category Fish Base Vulnerability Zone effectiveness 
Scyliorhinus canicula Small spotted catshark Least Concern (LC) High (62 of 100) 38% 
Galeus melastomus Blachmouth catshark Least Concern (LC) High (57 of 100) 43% 
Etmopterus spinax Velvet belly lanternshark Least Concern (LC) Moderate to high (47 of 100) 53% 
Raja asterias Mediterranean starry ray Near Threatened (NT) Moderate to high (50 of 100) 50% 
Torpedo marmorata Marbled electric ray Least Concern (LC) High to very high (69 of 100) 31% 
 
 
Table S2: Summary of the sensitivity analysis to understand the behavior of Zone Effectiveness and Zone Target contribution.  
Zone effectiveness: For the “No-take zone” a zone effectiveness of 100% protection for each species was considered while for the “Benthic protection 
zone” we used a 50% zone effectiveness. Also we tested the effect on using species vulnerability values from expert surveys extracted from published 
literature (http://www.fishbase.org/; as done in Cheung et al. (2005) and Mazor et al. (2014))  as zone effectiveness, as well as using a higher zone 
effectiveness of  75% to evaluate the influence on changing this parameter. Cost effectiveness was very similar between options considered.  
 
Zone Effectiveness Fish Base 50% 75% 
Cost Effectiveness 0.80 0.81 0.84 
 
  
Zone Target allocation: In the final analysis the global target (0.3) was allocated as half of the global target (0.15) in the “No-take zone” and one quarter 
(0.075) in the “Benthic protection zone”. The remaining quarter was not fixed and could be met in each of the zones (Option b). Other two zone target 
allocations were assessed to evaluate the influence on changing this parameter (Option a and c). Cost effectiveness was the same in all the options. 
 
 

























0.1 0.05 0.15 0.15 0.075 0.075 0.2 0.1 - 
Cost 
Effectiveness 
0.81 0.81 0.81 
39 
 
Table S3: Summary of each scenario considered. PU: Planning Units and Cost Effectiveness. 
















4a No-take 3289.44 0.89 










4b No-take 5230.69 0.84 










4c No-take 7435.62 0.78 
4c Benthic protection 2627.64 0.93 
 
 
Table S4: Best solution inside designated MPAs in each of the scenarios. 
Scenario 
Total area  Total area  Percentage 
to protect already protected* already protected 
1a 4156.24 1271.50 30.59 
1b 6089.63 1496.98 24.58 
1c 8214.66 1755.54 21.37 
2a 4253.19 1115.18 26.22 
2b 6185.98 1515.71 24.50 
2c 8498.42 2027.69 23.86 
3a 4636.77 1157.31 24.96 
3b 6377.81 1403.15 22.00 
3c 8696.41 2102.02 24.17 
4a 5237.69 1092.06 20.85 
4b 6981.85 1496.55 21.43 
4c 10059.62 2423.31 24.09 










variables  Units Dataset origin Website 
Chlorophyll-a 
concentration (CHL) mg C m-3 Aqua MODIS sensor  http://oceancolor.gsfc.nasa.gov 
Sea surface 
temperature (SST)  ºC Aqua MODIS sensor  http://oceancolor.gsfc.nasa.gov 
Depth  
(DEPTH) m ETOPO website www.ngdc.noaa.gov/mgg/global/global.htm  
Dissolved-oxygen (DO) ml l-1 Bio-Oracle Project www.oracle.ugent.be 
Sea surface salinity 
(SSS) PSS Bio-Oracle Project www.oracle.ugent.be 
Marxan threat layers       
Fishing activity  Fishing AIS data 
Global Fishing Watch 
database  https://globalfishingwatch.org/datasets-and-code/ 
SST anomalies rescaled data [0-1] Halpern et al. (2015) *Halpern et al. (2015) Supplementary material 
Pesticides rescaled data [0-1] Halpern et al. (2015) *Halpern et al. (2015) Supplementary material 
Fertilizers rescaled data [0-1] Halpern et al. (2015) *Halpern et al. (2015) Supplementary material 
Ocean pollution rescaled data [0-1] Halpern et al. (2015) *Halpern et al. (2015) Supplementary material 
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